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It is found in the Pt/Co/Pt(111) sandwiches that perpendicular magnetic anisotropy 
weakens associated with the dramatic magnetization enhancement as the temperature 
decreases below a critical temperature, Tcri, which increases with the Pt overlayer 
thickness tPt. For the sandwich with enough thick Pt overlayer, it trends to an unusual 
state with weak perpendicular magnetic anisotropy in the absence of obvious easy 
direction behavior at low temperature. It suggests that Pt is more significantly 
polarized in the film with thicker Pt overlayer. The results reveal the strong influence 
of both thick nonmagnetic coverage and temperature on the electronic structure of the 
Pt/Co/Pt(111) sandwich. 
PACS numbers: 75.30.Gw, 75.70.Ak, 75.70.Cn, 75.30.Cr 
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Ferromagnetic (FM)/nonmagnetic (NM) metal films have been extensively studied 
in the last two decades due to the interesting physics and the wide applications in the 
magnetic storage media and spintronic devices [1−25]. The magnetization and 
magnetic anisotropy of the FM layer in the FM/NM film depend on not only the FM 
layer itself [1−5] but also the NM layer [6−20]. In this case, the NM metal is spin 
polarized due to the electron hybridization at the FM/NM interface [21−25]. The NM 
coating can increase the Cuire temperature of FM monolayer [6,7]. The magnetization, 
the remanent ratio, and the coercive field of the FM/NM film show nonmonotonic 
variation with the NM overlayer thickness [8−10]. With the NM (e.g. Cu, Pd, Ag, and 
Au) overlayer on the Co/Pd(111) [8] and Co/Au(111) [9], perpendicular magnetic 
anisotropy (PMA) is enhanced rapidly with a maximum at about one monolayer 
coverage, which can be well explained in terms of overlayer induced changes in the 
electronic structure [11]. In Cu/Co/Cu(001) film, the magnetic anisotropy field 
oscillates with the thickness of the Cu overlayer which is related to the occurrence of 
quantum well (QW) states [12,13]. In Au/Co/Au(111) films, the spin reorientation 
transition (SRT) from out-of-plane to in-plane takes place when increasing the 
thickness of the Au cap layer, which is linked with the decrease of the Co orbital 
moment [18]. However, most experimental and theoretical researches on the NM 
overlayer effects focus on the properties in the case of the coverage within several 
monolayers, less in that of the thicker coverage. 
Besides the NM overlayer, the magnetic properties are also influenced by the 
temperature. Usually, the magnetization, perpendicular magnetic anisotropy, and 
coercive field increase with temperature decreasing [20]. The SRT from in-plane to 
out-of-plane may happen as temperature decreases in the systems such as Fe/Cu and 
Co/Au films [1,15]. In Ni/Cu(001) film, however, the easy magnetization direction 
changes from out-of-plane to in-plane with temperature decreasing, which is 
explained by the difference in the temperature dependence of the surface and volume 
anisotropy energy [14]. Both temperature and thickness induced reorientation of 
magnetization may arise from the changes in the electronic structure and could be 
microscopically investigated with the help of spin- and layer- dependent density of 
states (DOS) [16]. 
In this Letter, we report on a novel temperature-induced magnetization transition in 
Pt/Co/Pt(111) sandwiches, which has not ever been observed. Pt/Co/Pt(111) film is 
known as a typical PMA system with an easy axis perpendicular to the film plane. 
However, it is found that PMA weakens as the temperature decreases below a critical 
temperature, Tcri. For the sandwich with enough thick Pt overlayer, it trends to an 
unusual state with weak PMA in the absence of obvious easy direction behavior, 
which is different from the usual SRT where the easy magnetization direction changes 
from in-plane to out-of-plane (or from out-of-plane to in-plane). The transition 
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depends on the Pt overlayer thickness. Our study was carried out in a very wide range 
of Pt overlayer thickness up to 1000 Å. The novel behavior is more pronounced in the 
film with thick Pt coverage. The magnetization of the films with thick Pt overlayer 
enhances dramatically which probably imply a new ferromagnetic phase appearing as 
the temperature decreases below Tcri. The present result reveals an exciting and basic 
fact in the magnetic film, and is important to push forward the fundamental 
understanding to the magnetization and magnetic anisotropy of the FM/NM film. 
The Pt/Co/Pt sandwiches were deposited on the SiO2/Si substrates at room 
temperature (RT) using a dc magnetron sputtering system. The base pressure of the 
sputtering system was 1.2 × 10–8 Torr, and the Ar pressure during sputtering was about 
4 mTorr. A Pt seed layer of 55 Å thickness was grown first on the substrate to achieve 
(111) texture, and then a 5 Å thick Co layer was deposited followed by a Pt overlayer. 
The depositing rates of Co and Pt were 0.22 Å/s and 0.35 Å/s, respectively. The 
sandwiches with various Pt overlayer thicknesses tPt from 10 Å to 1000 Å were 
prepared. X-ray diffraction indicated preferential (111) texture in the film. 
The perpendicular and in-plane magnetic hysteresis loops of the samples were 
measured using a superconducting quantum interference device (SQUID) with an 
applied magnetic field H up to 20 kOe and the temperature T from 5 K to 300 K. All 
Pt/Co/Pt sandwiches exhibit square loops at RT when the field is applied 
perpendicular to the film plane, indicating perpendicular easy axis at RT. 
Figure 1(a)−(c) show the perpendicular and in-plane hysteresis loops of the 
Pt/Co/Pt sandwich with a very small Pt overlayer thickness tPt = 10 Å at T = 5, 180, 
and 300 K, respectively. The hysteresis loops are square with the remanent ratio 
^
rM /MS ~ 1 for the applied field perpendicular to the film plane, but tilted for the 
in-plane field. It indicates that a perpendicular easy axis in the Pt(10 Å)/Co/Pt 
sandwich remains in the range of T from 5 K to 300 K. Both the saturation 
magnetization and the perpendicular coercive field of the film increase with the 
decrease of T. 
The Pt/Co/Pt sandwiches with thick Pt overlayer, however, display unusual features. 
Shown in Fig. 1(d)−(g) are the perpendicular and in-plane hysteresis loops of the 
Pt/Co/Pt sandwich with a large Pt overlayer thickness tPt = 500 Å. At T = 300 K [Fig. 
1(d)] and 180 K [Fig. 1(e)], the Pt(500 Å)/Co/Pt sandwich exhibit square 
perpendicular hysteresis loop and tilted in-plane hysteresis loop, indicating the easy 
axis is still perpendicular to the film plane. While at T = 120 K [Fig. 1(f)], the 
perpendicular hysteresis loop of the Pt(500 Å)/Co/Pt sandwich is no longer square and 
its ^rM /MS is about 0.53 only. At T = 5 K, the saturation magnetization enhances 
significantly, and the perpendicular hysteresis loop is tilted and close to the in-plane 
one [Fig. 1(g)]. One can see that the perpendicular hysteresis loop changes from 
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square to slant and trends to close to the in-plane one as T decreases below 120 K, 
indicating the weakening of PMA and the absence of obvious easy direction behavior. 
It suggests that a transition of the magnetization reversal dynamics take place as T 
reducing. 
Figure 2(a) shows the dependence of the perpendicular remanent ratio ^rM /MS on 
T for various Pt overlayer thicknesses. For tPt = 50 Å, as T reducing, ^rM /MS remains 
1, but decreases below a critical temperature Tcri ~ 50 K, and then increases below 20 
K. For tPt = 500 Å, ^rM /MS drops largely with T decreasing below Tcri ~ 130 K, and 
has a minimum of about 0.07 at T ~ 70 K. The decrease of ^rM /MS below Tcri means 
that the easy magnetization direction deviates from the normal of the film plane. The 
increase of ^rM /MS with T decreasing is due to the broadening of perpendicular 
hysteresis loop with the enhanced coercive field. One can see from Fig. 2(a) that Tcri 
increases, while the minimum of ^rM /MS decreases with t
Pt increasing. 
The critical temperature Tcri increases fast with the Pt overlayer thickness tPt < 200 
Å, but slowly with tPt > 200 Å, as shown in the inset of Fig. 2(a). We find that Tcri fits 
well with a logarithmic function of tPt expressed as 
Tcri(tPt) = aln(tPt − t0) − T0,                    (1) 
where a, t0, and T0 are parameters for the fitting. In our cases, a = 36.9, t0 = 20 Å, and 
T0 = 78.2 K. From Eq. (1), one can see that the transition takes place above zero 
temperature only when tPt is larger than a certain thickness. In our cases, the transition 
could take place when tPt > 28.3 Å. 
Shown in Fig. 2(b) is the dependence of the perpendicular coercive field ^CH  on T 
for the films with various Pt overlayer thicknesses. For tPt = 10 Å, ^CH  increases 
monotonically with the decrease of T, seeing the inset of Fig. 2(b), which is usually 
observed in the FM materials [20]. However, the unusual behavior of ^CH  is 
observed in the films with thick Pt overlayer. For tPt = 100 Å, ^CH  varies flatly for T 
between 50 K and 100 K. For tPt = 500 Å, as T decreases, ^CH  increases from 300 K 
to 140 K, but decreases from 140 K to 80 K, and then increases again below 80 K. It 
is noted that the decrease of ^CH  occurs near to Tcri and is related to the change of 
magnetic anisotropy. 
Figure 3 shows the temperature dependence of the magnetization of the films for 
various Pt overlayer thicknesses. The magnetization of the film with 100 Å Pt 
overlayer enhances about 70% as T decreases from 300 K to 5 K. The magnetization 
of the films with 200 Å and 500 Å Pt overlayer enhance largely, about 126% and 
150%, respectively, as T decreases from 300 K to 5 K. Significant enhancement of the 
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magnetization of the films with 200 Å and 500 Å Pt overlayer occur around 90 K and 
120 K, respectively, which is close to Tcri. It suggests that it seems a new 
ferromagnetic phase below Tcri. However, it is still an open question. 
Actually, the measured magnetization is contributed by both Co and Pt, which can 
be written as 
Pt
eff
Pt
S
CoCo
S
Co
S tMtMtM += ,                     (2) 
where MS is the total saturation magnetization averaging to Co, CoSM  and t
Co are the 
saturation magnetization and the thickness of Co layer, respectively, and PtSM  and 
Pt
efft  are the average saturation magnetization and the effective thickness of polarized 
Pt layer, respectively. The total magnetization averaging to Co is given by MS = CoSM  
+ PtS
Pt
S tM /t
Co from Eq. (2). The Co moment is as large as 1.69 μB/atom (about 1700 
emu/cm3) in the Co/Pt multilayer at RT [23]. The maximum magnetic moment for Co 
by the Hund rule is 3 μB/atom. The Pt layer is polarized due to the Co 3d-Pt 5d 
hybridization at the interface [21−25]. In the Co/Pt multilayer at RT, the polarized Pt 
moment is 0.21 μB/atom (about 210 emu/cm 3) at the Pt/Co interface, followed by a 
decay of the induced polarization within 1 nm [25]. For the sandwich with tPt = 500 Å, 
MS reaches up to about 4800 emu/cm 3 at T = 5 K, which is much larger than CoSM . It 
suggests that the polarized Pt magnetization may enhance and/or the effective 
thickness Ptefft  may increase below Tcri, besides the Co magnetization involving spin 
and orbital moments enhances at low temperature. This effect is pronounced 
particularly in the sandwiches with thicker Pt overlayer. 
The magnetic anisotropy of the film is strongly related to the magnetization. For the 
Pt/Co/Pt film, the magnetic anisotropies that need to be considered include the 
interfacial magnetocrystalline anisotropy resulting from the spin-orbit interaction and 
the shape anisotropy arising from the magnetostatic dipole-dipole interaction. The 
magnetic anisotropy of Pt, which was not included due to its insignificant contribution 
in usual situations, should be taken into account owing to considerable polarization of 
Pt. The effective anisotropy energy KefftCo can be written as 
( ) ( ) PteffPtDPtVCoCoDCoVPtSCoSCoeff tKKtKKKKtK +++++= .        (3) 
Co
SK  is the interface magnetic anisotropy of the Co layer including asymmetric 
contributions of the interface to the Pt sublayer and the one to the Pt overlayer. The 
interfacial spin-orbit coupling which is related to the anisotropy of the orbital 
magnetic moment at the interface between Co and Pt layers makes the Co 
magnetization favor the out-of-plane orientation. PtSK  is the interface magnetic 
 6
anisotropy of the Pt layer, which may make the Pt magnetization prefer in plane. 
Co
VK  and 
Co
DK  are the volume anisotropy energy and the shape anisotropy of the Co 
layer, respectively, and PtVK  and 
Pt
DK  are those of the Pt layer. The dipole-dipole 
coupling makes the magnetization prefer lying in plane. The effective anisotropy field 
HK = 2Keff/MS is given by 
( ) ú
û
ù
ê
ë
é
++++
+
= Co
Pt
effPt
D
Pt
V
Co
D
Co
VCo
Pt
S
Co
S
S
K
2
t
tKKKK
t
KK
M
H .          (4) 
The contribution of the interface magnetic anisotropy is proportional to the inverse 
of the Co layer thickness, as shown in Eq. (4). When the Co layer is very thin, the 
Pt/Co/Pt sandwich has a perpendicular easy axis due to that the interface magnetic 
anisotropy exceeds the shape anisotropy. This is the behavior above Tcri. However, the 
results show that PMA weakens below Tcri. It suggests that the decrease of the 
effective anisotropy field HK below Tcri is related to the magnetization enhancement of 
the film with the temperature decreasing. The shape anisotropy increases due to the 
enhancement of the Co and Pt magnetization. The increasing of both the 
magnetization and the effective thickness of the polarized Pt increases the 
contribution of the magnetic anisotropy of Pt. These weaken the contribution of the 
interface magnetic anisotropy of Co, and thus yield the weakening of PMA. 
The magnetization and the magnetic anisotropy are strongly related to the 
electronic structure of the film, in particular, density of states. The magnetization 
enhancement of the film below Tcri reveals the strong influence of temperature on the 
electronic structure of the film. Tcri increases with tPt, indicating that the Pt layer can 
be more easily and strongly polarized for the sandwiches with thicker Pt coverage. In 
other words, the thickness of Pt coverage can influence the temperature dependence 
of the electronic structure of the film. 
In summary, a novel temperature-induced magnetization transition has been found 
in Pt/Co/Pt(111) sandwiches. PMA weakens as the temperature decreases below a Tcri 
which increases with tPt. For the sandwich with enough thick Pt overlayer, it trends to 
an unusual state with weak PMA in the absence of obvious easy direction behavior at 
low temperature, which is different from the usual SRT. The magnetization of the 
films with thick Pt overlayer enhances dramatically which probably imply a new 
ferromagnetic phase appearing as the temperature decreases below Tcri. It suggests 
that Pt is more significantly polarized in the film with thicker Pt overlayer. The 
weakening of PMA below Tcri is closely related to the dramatic magnetization 
enhancement of the film. The magnetic anisotropy of Pt, which was not included due 
to its insignificant contribution in usual situations, should be taken into account owing 
to considerable polarization of Pt. The results reveal the strong influence of the thick 
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NM coverage and temperature on the electronic structure of the sandwich, which may 
open a new sight to understand the magnetic behavior in the FM/NM film. 
Further study to make clear the Co and Pt contributions to the magnetization 
enhancement below Tcri, the experimental observation using the element-specific and 
spin-dependent spectroscopy at low temperature is a good way, e.g. x-ray magnetic 
circular dichroism (XMCD) spectroscopy. Moreover, the magnetic microscopy could 
be employed to observe the change of domain configuration, in particular, near to Tcri 
where a transition of the magnetization reversal dynamics may take place. Besides the 
experimental exploring of the origin of the novel transition, theoretical consideration 
about the influence of both thick NM coverage and temperature on the electronic 
structure of the film is expected. 
This work was partly supported by NSFC Grant Nos. 10574065 and 10128409, 
NBRPC Grant No. 2009CB929503, and JSNSF. 
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Figure Captions 
FIG. 1 (color online).  (a)−(c) Perpendicular (full circles) and in-plane (open circles) 
hysteresis loops of the Pt/Co/Pt sandwich with a very small Pt overlayer thickness tPt 
= 10 Å at three temperatures T = 5, 180, and 300 K. (d)−(g) The perpendicular (full 
circles) and in-plane (open circles) hysteresis loops of the Pt/Co/Pt sandwich with a 
thick Pt overlayer thickness tPt = 500 Å. 
FIG. 2 (color online).  (a) Dependence of perpendicular remanent ratio ^rM /MS on T 
for various tPt. The inset shows the dependence of the critical temperature Tcri on tPt, 
and the solid line indicates the fitting to the data after Eq. (1). (b) Dependence of the 
perpendicular coercive field ^CH  on T for various t
Pt. The inset shows T dependence 
of ^CH  for t
Pt = 10 Å. The solid lines are guides to the eye. 
FIG. 3 (color online).  Temperature dependence of the magnetization MS of the films 
for various tPt. The solid lines are guides to the eye. 
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